The sol-gel base catalysed hydrolytic polycondensations of tetramethoxysilane (TMOS) were studied in the presence of quaternary ammonium chloride substituted polyhedral oligosilsesquioxanes (POSSes): octa{3-[(2-hydroxyethyl)dimethylammonio]propyl chloride}octasilsesquioxane or octa[3-(noctyldimethylammonio)propyl chloride]octasilsesquioxane. Small amounts of these POSSes added to the sol-gel system markedly affected the morphology of the silica gel polycondensation products. The morphology was highly dependent on the POSS concentration. Amorphous mesoporous silica gels were obtained showing a high porosity and the surface area up to 615 m 2 g -1
Introduction
Mesoporous silica and silica-organic materials have attracted great interest because of their potential applications in various areas of modern technology. They could be used in fields of catalysis, chromatography, sorbents, sensors, separation materials, nanoreactors, nanofillers, drug release, as well as in optical, magnetic and electronic materials, for review see Refs [1] [2] [3] [4] [5] [6] . A number of these materials is generated by the sol-gel process using a tetraalkoxysilane as precursor and a template which directs the structure of the pore system [7] [8] . Materials with periodically ordered pores of small diameters, 1.5-5 nm, are obtained if classical low molar mass surfactants, such as cetyltrimethylammonium bromide (CTAB), are used as the structure directing agents (SDAs) [9] . For some applications, such as catalysis, nanoreactors and membranes, materials with pores of larger dimensions would be more suitable. Larger pores ensure easier release of reaction products and more efficient transport of reactants [10, 11] . Silica materials having pores of larger diameters are fabricated using non-ionic block copolymers as SDAs, such as pluronics [12] [13] . These templates are used in a large proportion to silica, they may be difficult to remove from gels and give a high contribution from micropores [14] . Looking for new SDAs continues to be of importance.
Our attention was focused on soluble in water quaternary ammonium salt substituted polyhedral oligosilsesquioxanes POSSes. We hoped that symmetrical cubic structure of T-8 POSSes and their ability to form supramolecular associates will be beneficial for the formation of mesoporous silica with larger pores. Functionalized POSSes have been used as precursors for mesoporous silica-organic materials [15] [16] [17] [18] [19] , however little is known about using them as templates in preparation of porous materials. To our knowledge they have not been exploited as SDAs in the synthesis of mesoporous silica.
The purpose of this research is to see whether polyhedral octasilsesquioxanes, T-8, fully substituted with a quaternary ammonium salt act as SDAs in the sol-gel hydrolytic polycondensation of tetramethoxysilane (TMOS). Two model POSS surfactants were explored, one having a hydrophilic hydroxyalkyl group at nitrogen able also to form hydrogen bonding, SDA I, and the other substituted at nitrogen with a hydrophobic hydrocarbon chain, SDA II. This study includes synthesis of the soluble in water POSSes SDA I and SDA II, investigation of their behaviour in aqueous solutions, using them in the sol-gel process of TMOS and studies of the morphology of the silica gel products. Besides of TMOS, its mixture with 1,1,1,7-tetramethoxyoctamethyltetrasiloxane (TMOSD 3 ) was used as the gel precursor to see how the presence of dimethylsiloxane chain inserted into the precursor influence the action of the silsesquioxane SDA.
Results and discussion
The POSS precursor for the synthesis of quaternary ammonium substituted polyhedral octasilsesquioxanes SDA I and SDA II was octa(3-chloropropyl)octasilsesquioxane synthesized by the method described earlier [21] . The precursor was subjected to the reaction with (2-hydroxyethyl)dimethylamine to obtain SDA I and with n-octyldimethylamine to obtain SDA II according to Scheme 1. Both reactions were controlled by 1 H NMR and they were performed to full transformation of chloropropyl group into the tertiary ammonium salt functions.
SDA I and SDA II are apparently soluble in water, however they show a great tendency to the aggregation in their aqueous solutions. After a longer standing they may precipitate. This aggregation in the solutions used in sol-gel experiments (pH 12) was determined from measurements by photon correlation spectroscopy (PCS). Two populations of aggregates were found in the solutions which had the lowest concentration used, 1 gL -1 . The lower size population having average diameter 50 nm constitutes 90 % of counted objects in the 1 gL -1 solution of SDA II. Larger aggregates in this solution have average diameters about 300 nm, see Figure 1 . SDA I forms a larger aggregates than SDA II which may be due to its ability to form hydrogen bonds. In the SDA I solution the lower size fraction constitutes 45 % by number of all aggregates and shows the average diameter 130 nm while the larger aggregates have average size 790 nm. The increase in the concentration causes enhancement of the population of the larger aggregates and an increase in their average dimensions. Thus in the solution of 20 gL -1 of SDA II the lower size fraction is not seen, while the higher size objects show the average size of 400 nm. A similar behaviour is observed for SDA I solutions. The presence of objects of dimensions 1.2 nm corresponding to the single POSS molecule is revealed in an SDA solution after its filtration through a 0.4 µm pore filter. Table I) The sol-gel hydrolytic polycondensation of tetramethoxysilane (TMOS) or its mixture with 1,1,1,7-tetramethoxyhexamethyltetrasiloxane (TMOSD 3 ) was performed in a NaOH aqueous solution in the presence of SDA I or SDA II. Series of experiments for the both SDAs were performed using different proportions of components of the reaction mixture which are mentioned in Table 2 . Most of SDAs were removed from the gel particles by washing with water and methanol on filter followed by washing with hot methanol in a Soxlet apparatus reduced the remaining template content by about 30-40 %. Some particles were subjected to calcinations at 220 o C for 8 h. Since the gels before and after the calcination showed identical N 2 adsorptiondesorption isotherms the calcination procedure was omitted in further studies.
The inspection of SEM micrographs of gels revealed that the form of gel particles is highly dependent on the concentration of SDA, see Figures 2abc. In a low concentration of SDA I the gel has a form similar to xerogel. After mechanical crumbling it gives irregular particles of sharp edges and micrometric sizes. If the SDA concentration is increased particles becomes smaller and at the concentration of 10 gL -1 they have an appearance of irregular spheres with diameters 150-400 nm and rough surfaces. Further increase in the concentration leads to the formation of irregular lumps. Table 2 .
The morphology of gels was studied by the nitrogen adsorption methods. The shape of isotherms is typical for mesoporous structure of the silica material. It depends on the concentration of SDA. At concentrations 1-10 gL -1 the shape is close to type IV with a H1 hysteresis loop according to the classification in Ref. [24] which is typical for mesoporous materials with a cylindrical or bottle channels. However, at higher SDS concentrations the shape of hysteresis is closer to H3 or H4 models pointing to pores formed by cracks between planes.
The adsorption isotherms were analysed by the Brunauer Emmett Teller (BET) method [25] . Since the shape of isotherms suggest that some contribution may come from a capillary condensation in pores the analysis was also made using the Barrett Joyner Halenda (BJH) method [26] which is based on the Kelvin model taking into account the condensation phenomena. Both methods BET and BJH permitted us to obtain the surface area, pore diameter distribution, average pore diameter and the pore volume. The data calculated using the BET method are shown in Table 1 The surface area depends much on the concentration of SDAs in the reaction system. The most striking observation is that in the lower range of concentration the area is increasing with the decrease in the SDA content. The area adopts the largest values for the SDA concentration at the level of 0.1 w%. Further decrease of the SDA concentration leads to an abrupt drop of the material porosity. The pore volume also tends to increase in the same direction. The values of the area and volume of pores calculated from data of experiments performed at larger SDA concentrations depart from this trend which confirms that there is a deep difference in the morphology of materials obtained at small and large concentrations of SDAs. . These areas were calculated assuming the stretched structure of substituents from the POSS core. Chloride ions were not taken under consideration. ** The sample was heated under argon at 220 o C in 8 h. *** TMOS + TMOSD 3 As it is shown in Table 1 the amount of SDA is not sufficient to cover the surface of pore walls with monomolecular layer when the concentration of POSS is low. The mechanism of the pore formation must be different from classical template mechanism. We assume that pores are here formed by a mechanism which could be called "excluded volume mechanism". POSSes form aggregates of various sizes being in dynamic equilibria in which unaggregated species is also involved. The introduction of TMOS, which undergoes hydrolysis and polycondensation forming polysiloxanolates, affects these equilibria shifting them towards smaller aggregates. This would explain the disproportion between the size of aggregates observed in aqueous solution and the diameter of pores. The aggregates are strongly charged as each of the POSS molecule bears 8 ammonium cations and they are surrounded by chloride ions to which many water molecules are hydrogen bonded. Such water-POSS agglomerates, schematically shown in Figure 4 , form volumes which are not available to polysiloxanolates produced by the hydrolytic polycondensation of TMOS so these volums are excluded for the formation of silica. Such an excluded region has a much larger size then the size of the POSS molecules being in them. It includes not only the water molecules associated with POSSes but also those bonded to polysiloxanolates which surround the region. This would explain why the silica surface may be much larger then it could be deduced from the quantity of SDA. The shape of the excluded volum depends on the concentration of POSS. At a high concentration aggregates are larger and form sheets. With decreasing POSS concentration sheets becomes interrupted and form open channels. When the POSS concentration drops below 0.1 w% the channels are broken and become closed. This behaviour would explain the change of the morphology of the silica material with the variation of the POSS concentration. In most cases the pore diameter distribution is broad and in one case is bimodal. In most cases the average pore diameter assumes values within the range 5-10 nm. Average diameters resulting from the BJH calculation do not depart much from those obtained by the BET method if the concentrations of SDAs are low, below 6 gL -1 . Instead, large differences are observed for experiments where higher SDA concentrations were used which again is related to the difference in the morphology of materials prepared using a small and larger SDA concentrations. Concerning the effect of the structure of SDA on the morphology of the obtained materials, there was no qualitative differences between gels obtained using SDA I and SDA II. Instead, substantial differences were observed between gels obtained from TMOS and those from its mixture with TMOSD 3 as the latter are materials of very low porosity, see Table 1. X-ray scattering, SAXS and WAXS, showed no diffraction pattern (reflexes) characteristic for a periodic structure, as seen on Figure 6 , where the intensity profile (diffractogram) of SAXS is exemplified. Therefore, there is no evidence of any order in the arrangement of pores. However, a high intensity of the scattered radiation confirmed a high porosity of gels and made possible the estimation of the pore diameter by the Guinier method which was performed for sample SDA II.1. The analysis gave two values 3 nm and 7 nm. The latter is in good agreement with that determined by BET and BJH method which gave 7.10 nm and 7.04 nm respectively. 
Conclusions
The addition of T-8 POSSes fully substituted with (2-hydroxyethyl) dimethylammoniopropyl chloride or n-octyldimethylammoniopropyl chloride groups to the system of the sol-gel base catalysed hydrolytic polycondensation of tetramethoxysilane (TMOS) strongly affects the morphology of the silica gel product. Both mentioned POSSes belong to the class of structure directing agents (SDAs) in this process. Their presence in the sol-gel reaction system leads to mesoporous amorphous silica while without using them a non-porous material is obtained.
The surface area and volume of pores as well as pore shape and dimension are highly dependent on the proportion of POSS to precursor. Fairly large BET surface area, up to 615 m 2 g -1 and pore volume, up to 1.3 cm 3 g -1 were obtained. Average diameters of pores are also fairly large and in most cases were in the range of 4-10 nm.
Two different types of porosity were observed for two ranges of SDAs to precursor proportion. Within the range of SDAI/TMOS/H 2 O (mol/mol/mol) = 0.0011/1/120-0.012/1/120 and SDAII/TMOS/H 2 O (mol/mol/mol) = 0.001/1/120-0.01/1/120 pores have cylindrical or bottle shape, while in the case of higher ratio of SDAs to TMOS pores are cracks between planes. Due to these differences the surface area and pore diameter of gels obtained at high SDAs concentrations do not comply to the trend of their variation with the change of the SDAs to TMOS ratio at lower SDAs concentrations.
The amazing result is that at least in the range of the mentioned lower range of surfactant concentrations the surface area is decreasing with the increase in the SDA concentration. A similar behavior shows the pore volume. The both parameters achieve maximum values when the SDA concentration is close to 0.1 w% and then drops down with further decrease in the SDA concentration.
The porosity is somewhat related to the supramolecular structure of SDAs in their aqueous solutions. Smaller associates are formed at lower concentrations of SDAs. However, the size of the aggregates formed in the aqueous solution is very high as compared with the determined diameters of pores in the silica gels. Possibly a deep transformation of the supramolecular structure of SDAs occurs during the sol-gel process.
The morphology of the mezoporous silica material obtained by the sol-gel base catalysed hydrolytic polycondensation of TMOS in the presence of quaternary ammonium salt substituted POSS is explained by excluded volumes mechanism assuming that the volume occupied by a POSS-water agglomerate is not available for the formation of silica material.
The insertion of the dimethylsiloxane chain fragment to TMOS strongly affects the morphology of the silica gel. In particular it decreases the gel porosity. 1 H and 29 Si NMR spectra were taken with a Bruker AVANCE DRX-500 MHz instrument with 29 Si and 1 H frequency of 99.36 and 500.13 MHz, respectively using CDCl 3 or D 2 O as solvents. 29 Si NMR spectra were performed using INEPT but quantitative integration was achieved using the inverse gated decoupling technique. A pulse delay of 15 s was usually applied and a typical pulse length was 15 μs.
Experimental part

Analytical methods
Nitrogen adsorption-desorption isotherms were determined using an ASAP 2010 Micromeritics Sorption Analyser. Samples were degassed for 6 h at 150 o C under vacuum prior to analysis. The surface area, pore volume, average pore diameter and mesopore size distribution were evaluated using adsorption data in a relative pressure range from 0.05-0.9 and calculated by the Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) methods.
The hydrodynamic diameter of the aggregates of surfactants in their aqueous solutions was determined on the basis of photon correlation spectroscopy (PCS) measurements using a Zetasizer 3000 HS Malvern spectrometer equipped with a 5 mW helium neon laser operating at 632 nm, a scattering angle 90 o and temperature 25 o C. Samples of the SDAs' aqueous solutions were prepared by dissolving a known amount of surfactant in 25 mL of distilled water with 0.61 mL of 2N NaOH. The solution was stirred for 0.5 h at room temperature and then was filtered through a 0.40 µm filters.
Scanning electron microscopy (SEM) images of gel particles were taken using a JSM-5500 LV (Jeol) SEM apparatus. Surface of samples were sputter-coated with gold.
Powder X-ray diffraction patterns were recorded on a Kiessig-type camera equipped with a pinhole collimator and a Kodak imaging plate. The camera was coupled to a Philips PW 1830 X-ray generator. CuKα radiation of wavelength 154 nm was used. The source parameters were 50 kV and 35 mA. For the SAXS measurement the sample imaging plate distance was 495 nm. The scattering was recorded over the 2 θ range of 0. 18-3.6 o which corresponded to the distance of 49.7-2.4 nm. The time of irradiation was 3 h. For the WAXS measurement the sample-imaging plate distance was 5.5 cm, 2 θ range was o corresponding to 2-1.8 nm, time of radiation was 7 min.
Materials
Tetramethoxysilane (TMOS) -reagent grade, 98 %, product of Aldrich was used without purification. 1,1,1,7-tetramethoxyhexamethyltetrasiloxane was synthesized according to the description in Ref. [20] . Its purity checked by gas chromatography was 96 %. Octa(3-chloropropyl)octasilsesquioxane was synthesized according to Ref. [21] . It was purified by dynamic recrystallization from methylene chloridepentane and its purity was confirmed by mass spectometry and 29 Si NMR.
Synthesis of surfactants
Octa{3-[(2-hydroxyethyl)dimethylammonio]propyl chloride}octasilsesquioxane, SDA I, octa[3-(n-octyldimethylammonio)propyl chloride]octasilsesquioxane, SDA II were obtained by full quaternization of corresponding tertiary amine with octa(3-chloropropyl)octasilsesquioxane by the method similar to those described in Refs. [22, 23] . Our synthesis of SDA I is described below.
Octa(3-chloropropyl)octasilsesquioxane) (2.60 g, 2.5x10 -3 mol), (2-hydroxyethyl) dimethylamine (9.26 g, 0.104 mol) and dimethylformamide (DMF)(5 mL) were placed in a glass reactor secured from outside atmosphere, equipped with magnetic stirrer, reflux condenser and oil bath. The mixture was stirred at 60 o C for 150 h. The progress of reaction was monitored by sampling and 1 H NMR analysis. Solvent and excess of amine were distilled off under the vacuum of 10 -3 Torr. A viscous product (3.4 g 97 % yield), which crystallized on longer standing, was obtained.
1 H NMR analysis ( Figure 7) showed full conversion of chloropropyl groups to the ammonium chloride groups. 
Synthesis of gels
To the solution of SDA I (0.248 g, 1.42x10 -4 mol) in 25 mL of distilled water 2N NaOH (0.61 mL) was added to obtain the pH of the solution 12.0. The solution was stirred with a magnetic stirrer at ambient temperature (23 o C). After 30 min a sample of 3 mL for the PCS analysis was withdrawn and tetramethoxysilane (TMOS) (1.47 mL, 9.90x 10 -3 mol) was introduced. After about 5 min of the further stirring of this mixture a fine white precipitate appeared. Stirring was continued for 24 h at room temperature and for additional 8 h at 35 o C. Then the suspended gel was left for aging at room temperature for 100 h. The precipitate was isolated on a filter, washed repeatedly manifold on the filter with water and methanol to obtain the neutral pH of eluent. White powder obtained was further washed with a hot methanol in a Soxlet apparatus for 40 h and dried to obtain porous silica (0.553 g, 90.5 % yield). In analogous way other samples of the silica materials were obtained using various SDA I and SDA II concentrations. Results are given in Table 2 . In experiments SDA I.8 and SDA II.7 instead of TMOS the mixture of TMOS with 1,1,1,7-tetramethoxyhexamethyltetrasiloxane (TMOSD 3 ), 3.5 : 1 mol/mol was used.
